Abstract: Pig slurry is a heterogeneous mixture of faeces, urine, undigested remains of feed items and water used for flushing of animal excrement and to maintain the proper hygiene of livestock housing. It is formed on farms which use the non-bedding system of pig breeding i.e. animals are kept on the partially or fully slatted floors. According to the Polish law pig slurry is defined as a liquid natural fertilizer intended for agricultural use. The storage and application of pig slurry on arable land affect the surroundings and may create a number of serious risks related to, among others, the pollution of water-soil environment with biogenic elements, heavy metals, pathogens and pharmaceuticals. The article presents the reasons for the occurrence of excessive amounts of nitrogen, phosphorus, copper, zinc and antibiotics in pig slurry. The possibility of microbial and pharmaceutical contamination of water, soil and plants as well as their pollution with biogens and heavy metals as a result of improper storage and excessive spreading of pig slurry have been characterized. Moreover, methods of preventing the above-mentioned threats with reference to Polish and EU legal acts have been discussed.
Introduction
Pig farming is of great economic importance because pork holds a dominant position, apart from poultry, in global meat production and consumption [1] . A high demand for pork contributes to the intensification of pig production. In large-scale breeding farms mainly non-bedding system of pig farming (animals are kept on the partially or fully slatted floors) is used which generates the formation of large quantities of slurry being a heterogeneous mixture of solid and liquid animal excrement (approximately 40 % faeces and 60 % urine), uneaten feed particles and water used for hygiene and cleaning purposes in pigsty [2] [3] [4] . In general, pig slurry is characterized by high degree of hydration, high chemical and biochemical oxygen demand (COD and BOD) and high content of fertilizer macronutrients (nitrogen, phosphorus, potassium). Pig slurry is also rich in trace elements: iron, zinc and copper and its reaction is usually slightly alkaline [3] [4] [5] . The physicochemical characterization of pig slurry according to various research reports is presented in Table 1 . The slurry microflora includes bacteria, fungi, viruses and gastrointestinal parasites. Bacteria of the Enterobacteriaceae family, the Streptococcus genus, coliforms and fecal streptococci are predominant. As far as pathogenic microorganisms are concerned, the bacilli of the Salmonella genus, porcine circovirus, porcine parvovirus, porcine reproductive and respiratory syndrome virus as well as eggs and oocysts of the parasites of Ascaris and Trichuris genera occur most frequently [3, 4, 6] . Moreover, slurry may contain antibiotics and other medical preparations which are used therapeutically and prophylactically in pig breeding [4, 7] . Table 1 Basic characteristics of pig slurry according to various literature data [8] [9] [10] [11] [12] [13] [14] [15] [16] According to the Polish legislation [17] slurry is a natural fertilizer intended for agricultural use and therefore the most reasonable way of its management should be its application to fertilize grassland and crop plantations. Unfortunately, in areas where intensive farming of pigs with the use of non-bedding method is run, problems with proper management of large amounts of pig slurry occur, since its production exceeds the acreage of cultivated land on which the slurry can be spread [18] . It should be pointed out that the slurry can't be disposed during winter period [19] and its annual dose per hectare of agricultural land can't contain more than 170 kg of nitrogen [17, 20] . Therefore, pig producers decide to sell and transport the slurry to distant fields, which is unprofitable, or to spill it in doses exceeding legal limits [2] . The use of excessive quantities of pig slurry poses a risk of soil contamination with biogenic elements [18, 21] , heavy metals [22] , pharmaceuticals [4, 23] and pathogenic microorganisms [4, 24] that can penetrate into the groundwater and surface waters threating the health of humans and animals [21] . In addition, nutrient elements, especially phosphorus, which reach water courses and reservoirs contribute to their eutrophication and, consequently, to the ecological disequilibrium of aquatic ecosystems [18, 25, 26] . Improper and too heavy fertilization with slurry may also result in the deterioration of the soil properties, the decrease in crop yield [21] , the contamination of edible parts of plants with pathogens [24] or the accumulation of heavy metals in their tissues [22] . It should also be noted that pig slurry must be collected and stored in tanks with a sufficiently large capacity until it is taken away to the fields [17, 20, 27] , which generates costs and could significantly affect the environment. Slurry tanks should be tight to prevent slurry from being released into the environment [17, 27] , nevertheless, inappropriate storage of pig slurry or the occurrence of tank failure may lead to the pollution of soil and water due to the slurry leaking or overflowing [21, 25] .
Emission of nitrogen and phosphorus into the soil, groundwater and surface waters
Nitrogen is one of the elements of great biological importance, since it is a component of many biomolecules, such as amino acids, proteins, nucleotides or nucleic acids. It is provided to animals with protein which is an essential building material of cells. Pigs use nitrogen from food to a limited extent, excreting it with faeces wherein the quantity of nitrogen taken from fodder is determined by the type and bioavailability of amino acids contained in the protein. In general, pigs' organisms absorb from 20 to 50 % of the nitrogen contained in commonly used compound feeds. Nitrogen excretion in faeces is increased in farrowing sows and when a feed ration contains too much crude protein in relation to the needs of animals, or when the protein is of a low biological value [26, 28] .
Phosphorus is one of the most important elements responsible for the proper functioning of a pig's organism. It constitutes a building material of tissues and bones and is a part of many organic compounds (nucleic acids, phospholipids, ATP). In the feeding of pigs the phosphorus source are primarily feed phosphates and feed based on plant components in which phosphorus may be in the form of poorly assimilable phytates (phytic phosphorus is typically from 50 to even 85 % of total phosphorus) largely unavailable to pigs, which are excreted in faeces [29] [30] [31] .
In order to intensify the production of pigs, breeders often give animals the food containing excessive for their needs amounts of nitrogen and phosphorus. Meanwhile, any excess of nutrients taken with the fodder over the animals' requirements is fully excreted in faeces and urine, which leads to a higher content of these elements in the slurry and, consequently, to increased emissions of nitrogen and phosphorus into the environment [26, 29, 30] .
Excrement in the form of slurry is a valuable natural fertilizer, but its inappropriate storage and use in crop fields result in the contamination of ecosystems with biogenic compounds [32] . The pollution of soil, surface waters and groundwater with nitrates and phosphates may occur through the direct infiltration of slurry into the environment due to its leak or overflowing from a tank and during improperly performed transportation as well as a result of too heavy or long-lasting fertilization of agricultural land with the slurry [21, 25] .
The runoff of nutrients into the groundwater and surface waters occurs also when heavy rain falls just after the application of slurry on the soil, and when fertilizer components are immediately eluted into watercourses before being absorbed by the soil [25, 33] . Nitrogen unused by plants may also get into the waters due to leaching (nitrates are relatively easily washed out from the soil as they are not sorbed by the soil and always occur in a soluble form), while phosphorus -as a result of soil erosion. Nitrate leaching is much higher in winter (the lack of nutrients uptake by plants, more intensive leaching of biogens from the soil by rain water), on sandy soils or soils without the ground cover [25, 33] .
Nitrogen compounds present in groundwater affect the quality of drinking water and their high concentration is disadvantageous to both humans and animals. In humans, ingestion of excess nitrate in drinking water can cause methemoglobinemia in infants (conversion of hemoglobin to methemoglobin, which depletes oxygen levels in the blood); gastric problems due to the formations of nitrosamines; increase in stomach cancer; hypertrophy of the thyroid gland; hypertension; problems associated with pregnancy (spontaneous abortion, fetal deaths, prematurity, intrauterine growth retardation, low birth weight, congenital malformations) [34] [35] [36] . In livestock, cattle are more susceptible to nitrate poisoning than other animal species (pigs or horses) due to the reduction of nitrates to nitrites in their digestive tract [37, 38] .
In turn, excessive amounts of nitrogen and phosphorus compounds present in surface waters contribute to the eutrophication of water courses and reservoirs as well as water blooms, thereby lowering their suitability for recreational purposes (the deterioration of quality water, shallowing of reservoirs) and disturbing the proper functioning of aquatic ecosystems (extinction of aerobic organisms, massive growth of anaerobic microorganisms, inhibition of oxidative decomposition of organic matter) [25, 26, 39] .
The problem of reducing the emission of biogenic elements into the environment can be solved in various ways. The first step is to reduce the amounts of nitrogen and phosphorus excreted in faeces, which can be achieved through appropriate and adapted to the needs of individual animals balance of nutrients in the feed. The feeding of pigs is based on plant fodder of varying abundance and availability of phosphorus. The fact that pigs cannot use the phosphorous bound in the form of phytate compounds is due to another fact that monogastric animals are unable to produce the phytase enzyme which catalyzes the breakdown of phytates on their own, so that the phosphorus could be resorbed. The application of phytase additive in the feeding of pigs increases the availability of phosphorus, which in turn limits or eliminates the need for supplementing feed with phosphorus of mineral origin. Such an activity significantly reduces the amount of phosphorus in faeces (up to 50 %) [26, 28, 29, [40] [41] [42] . The excretion of nitrogen can be reduced by lowering the level of crude protein in the feed, improving the quality of protein consumed by animals, that is the content and availability of exogenous amino acids, especially lysine, as well as adding phytase to the feed, which results in better digestion and use of amino acids [26, 28, [39] [40] [41] [42] . Literature data [26, 28, 29, 39] indicate that application of low protein diet with amino acids supplementation effectively reduces nitrogen excretion without any negative effects on the growth performance of pigs. Moreover, a reduction in odor emissions from slurry was observed [28, 39] .
Numerous Polish [17, 19, 43] and EU [20] acts of law prevent the emissions of nitrogen and phosphorus into the soil, groundwater and surface waters. The superior document for the countries of the European Union is the Council Directive 91/676/EEC of 12 December 1991 concerning the protection of waters against pollution caused by nitrates from agricultural sources (so-called the Nitrates Directive) [20] . The Member States were ordered to establish a code of good agricultural practice for farmers to respect on a voluntary basis and which should include provisions for proper storage and application of livestock manure, as well as for ensuring adequate capacity and construction of storage vessels for animal excreta [20] . Other key legal acts which regulate the storage and usage of slurry are: the Act on fertilizers and fertilization of 10 July 2007 [17] and the Public Notice [43] . According to the above-mentioned legal acts [17, 19, 20, 43] and the Set of recommendations for good agricultural practice [27] slurry must be stored in hermetic and closed tanks of a sufficiently large capacity (enabling to collect at least 6-month production of this fertilizer). Natural fertilizers, including slurry, can be used in the period from 1 March to 30 November [19, 27] ; however, the maximum dose of natural fertilizer applied in a year must not exceed 170 kg of nitrogen in a pure ingredient per 1 ha of agricultural land [17, 20, 27] . The slurry can be applied on arable land at a distance of at least 10 m from the banks of watercourses, lakes and water reservoirs of an area of up to 50 ha and when the groundwater level is below 1.2 m, whereas it is forbidden to use the slurry on soils flooded with water, covered with snow, frozen to the depth of 30 cm and during rain; on soils without the vegetation cover, located on hillsides with a slope greater than 10 %; and during the growing season of plants intended for direct human consumption [17, 19, 27 ].
An action which prevents the loss of biogenic elements as a result of runoff, erosion, or volatilization and which allows to retain the largest part of fertilizer ingredients for plants is the immediate covering of the spread slurry with soil [25, 44] . In accordance with guidelines of the Public Notice of Minister of Agriculture and Rural Development of 17 February 2014 [19] the slurry should be covered or mixed with the soil no later than the day following its application.
An effective way to reduce nutrient losses from arable land in the autumn and winter period is using short-term grassland or intercrop plants in crop rotation since the longer the soil is covered with vegetation the lesser the nitrate leaching is. Intercrops, apart from limiting the nitrate leaching, can also take in phosphorus, increase the amount of organic matter in the soil and improve its structure [44] .
Contamination of soil, water and plants with heavy metals
Pig slurry, apart from macronutrients (nitrogen, phosphorus and potassium), also contains microelements, such as heavy metals. Heavy metals include both elements essential for the proper functioning of living organisms, such as iron, copper, zinc, manganese and others, and metals unnecessary for the proper functioning of organisms, simply disturbing the biological processes, such as cadmium, mercury and lead [25, 45] .
The content of microelements as well as heavy metals in pigs' excreta depends on a diet as they are added to compound feeds, mainly in the form of oxides and salts. Copper and zinc are very important trace elements fulfilling many metabolic functions in animal organisms and, at the same time, raising the greatest fears associated with the risk of environmental contamination [42, 45, 46] . [48] allowed for the use of 175 mg of Cu per kg of the complete feedstuff for pigs of up to sixteen weeks. The reason for such a decision was the necessity to reduce the share of zinc and copper in excrement (pigs excrete about 72-80 % of Cu and about 92-96 % of Zn taken in with fodder) because many farmers in the European Union applied copper and zinc in fattening pigs in excess due to the fact that copper functions as a growth promoter while zinc has an antibacterial and antidiarrheal effect [33, 42, 46] .
Literature data concerning the risk of contamination of soil, water and plants with heavy metals as a result of the agricultural use of pig slurry are ambiguous. Many research authors [49] [50] [51] emphasize that pig slurry applied on arable fields in a rational way is a safe fertilizer, and the amount of heavy metals that it contains including copper and zinc does not pose a threat to ecosystems. Moreover, even the long-term agricultural use of pig slurry at the recommended doses (with respect to the maximum permissible dose of nitrogen) does not result in exceeding the permissible and determined by law contents of these elements in the soil [49] [50] [51] . Certain literature reports [22, 25, 49, 52, 53] indicate that the source of elevated concentrations of copper and zinc in agricultural soils is not pig slurry but the deposition of pollutants from the atmosphere, mineral fertilizers, especially phosphate ones, plant protection products, and compost from municipal and industrial waste as well as from the plants obtained in areas with high contamination by industrial or automotive dusts.
Some of the research authors [22, 42, 46, 50, 54, 55] pay attention to the fact that the accumulation of heavy metals in the soil, especially in the topsoil (0-20 cm) and the increased concentration of Cu in the soil solution at depth may occur as a result of intensive and long-term fertilization with pig slurry. Mantovi et al. [22] noted an increase in zinc and copper content in the soil samples with an increasing dose of slurry. An excessive concentration of heavy metals in the soil can be a source of groundwater and plants contamination, and in consequence these elements can be incorporated into the food chain. However, it should be emphasized that the mere presence of heavy metals in the environment does not yet prove their harmfulness; their bioavailability which depends on genetic properties of plants as well as the amount and chemical form of a metal in the soil is crucial. Copper is usually present in the soil in poorly assimilable forms, although due to changes in the soil environment (e.g. reaction reduction, lowering the organic matter content, the change in water-air relations) it may become more available for plants. In spite of the fact that copper is a little-mobile microelement, the depletion of soil in copper proceeds relatively quickly. Zinc just like copper is a little-mobile element in the soil, and the process of soil depletion in zinc is slow. The uptake of zinc by plants is limited in organic and heavier mineral soils as well as in the case of very high phosphorus content in soil, while an acid reaction of the soil enhances the availability of zinc by plants [22, [55] [56] [57] . Despite the increase in the content of heavy metals in the soil, sometimes in concentrations being the environmental burden, the accumulation of heavy metals in edible tissues of plants growing on these soils has not been observed [22, 42, 58] . Mantovi et al. [22] found that the content of copper and zinc in edible tissues of maize, sugar beet and lucerne grown on the soil fertilized with pig and calf slurry was relatively low, below the level considered to be toxic for animals and showed no clear correlation with the intensity of slurry application. Similar conclusions were drawn by Berenguer et al. [58] analyzing the content of copper and zinc in maize grains and its other organs.
Research on leaching of heavy metals from soil fertilized with pig slurry into groundwater and surface waters was carried out, among others, by Martinez and Peu [50] , Legros et al. [54] and L'Herroux et al. [56] . All of the research groups stated that zinc and copper were leached to groundwater and surface waters in to a very small extent [50, 54, 56] . However, a relatively high concentration of manganese and cobalt (compared to the content of these elements in the slurry) in groundwater was observed by L'Herroux et al. [56] .
An effective way to minimize the hazard of environmental contamination with heavy metals, especially copper and zinc due to the fertilizing usage of pig slurry is to reduce the concentration of these elements in the slurry. This can be achieved through limiting the introduction of copper and zinc with food as well as increasing their bioavailability for pigs as a result of incorporating of microbial phytase or amino acid chelates (e.g. zinc glycinate which is characterized by almost 100 % bioavailability) into the animals diet [28, 42, 45] .
Microbiological contamination of the environment
Pig slurry is characterized by rich microbiological composition and it may contain microorganisms excreted by animals together with faeces, urine, milk, blood, purulent exudate, nasal and throat discharges, as well as discharge from vaginal tracts and amniotic fluid [4] . Most of the microorganisms involved in the slurry microflora are saprophytic intestinal bacteria, among which the most common are coliforms, however, pathogens may also be present in the slurry -primarily bacteria of the genus Salmonella (mostly S. Typhimurium, S. Enteritidis and S. Derby), Listeria, Brucella, Brachyspira, Leptospira, Campylobacter, Mycobacterium as well as Erysipelothrix rhusiopathiae or verotoxic and enteropathogenic strains of Escherichia coli and also viruses (classical swine fever virus, African swine fever virus, Aujeszky's disease virus called also pseudorabies virus, foot-and-mouth disease virus, porcine parvovirus, porcine circovirus, porcine adenovirus and porcine reproductive and respiratory syndrome virus) [6, 59, 60] . In addition to bacteria and viruses the slurry may also contain fungi and parasites of the gastrointestinal tract of pigs (mainly Ascaris suum, Trichuris suis, Strongyloides ransomi, Oesophagostomum denatum, Isospora suis), their eggs and oocysts [59] [60] [61] . The source of pathogenic microorganisms in pig slurry can be sick animals, individuals during an incubation period of the disease or asymptomatic carriers [59] . In slurry derived from healthy pigs there is a natural intestinal microflora characterized by moderate or negligible virulence, while the slurry from animals including sick individuals or carriers may be a significant source of zoonoses and epizootic diseases [24, 62] . This is encouraged by physicochemical properties of the slurry which is inherently not subject to the process of thermal sanitizing and which, in the absence of its conditioning, can cause microbial contamination of soils, groundwater and surface waters as well as plants posing a threat to human and animal health [4] .
Pathogenic microorganisms are able to survive in slurry for a relatively long time (Tables 2 and 3 ) and, under favorable conditions, can rapidly multiply in the early stages of storage. The activity period of bacteria, viruses, fungi and parasites in the stored pig slurry varies strongly and depends on the physicochemical properties of the slurry (reaction, dry matter content, organic matter content, nutrient content), the type and initial quantity of microorganisms and ambient temperature (the lower the temperature, the longer the viability) [4, 6, 24, 59] . It should be mentioned that data concerning the survival of pathogens in pig slurry on-farm conditions, where urine and feces are being added on a continual basis, are limited and most of the information derives from laboratory studies [63] . Bacteria in pig slurry can survive for many days (Table 2) , according to Olszewska and Skowron [64] bacilli of Salmonella Typhimurium are able to survive in the slurry stored in laboratory conditions at 4 °C for about 75 days while at 20 °C their survival time is shorter and amounts 30 days. However, Kachnic et al. [65] noted that Salmonella Typhimurium survived in the pig slurry (stored in closed plastic containers) for less than 115 days at 4 °C and less than 90 days at 20 °C and 42 °C. Ajariyakhajorn et al. [66] observed that Salmonella Anatum survived in the pig slurry, the pH of which was equal to 7.0, for 56 days at 4 °C. Cote et al. [67] found that the maximal persistence of bacteria of the genus Salmonella in pig slurry stored under typical conditions for commercial pig production in Quebec was 88 days. The pathogenicity of viruses can vary widely (Table 3) ; in fresh slurry, in open tanks, the foot-and-mouth disease virus can live up to 45 days, in turn, the Aujeszky's disease virus in summer can live up to 3 weeks, while in winter up to 15 weeks [59] . According to Botner and Belsham [68] the survivability of the foot-and-mouth disease virus in the pig slurry stored under anaerobic conditions at 5 °C is over 14 weeks, the classical swine fever virus over 6 weeks, while porcine parvovirus over 40 weeks. Ajariyakhajorn et al. [66] reported that the survivability of porcine reproductive and respiratory syndrome virus in pig slurry at 4 °C and pH = 7.0 was 14 days. Parasite eggs and oocysts can survive in pig slurry from a few days up to several years. The most dangerous are highly resistant to inactivation eggs of Ascaris suum [12, 64, 69] . According to the literature [4] Ascaris suum eggs at the temperature of 8 °C maintain the vitality in pig slurry for 85 days, and mature proglottids of Taenia solium for 76 days. However, Katakam et al. [69] demonstrated that in pig slurry stored for 308 days under laboratory conditions at 5 °C 42 % of Ascaris suum eggs were still viable, whereas at 25 °C all eggs lost their viability within this period of time. In turn, Olszewska et al. [12] noted that in pig slurry stored for 44 weeks (the same time as in Katakam's research) under laboratory conditions at 4 °C the percentage of invasive eggs of Ascaris suum decreased to a level of 49 %, while in pig slurry stored at 20 °C to 11 %. The study of Kachnic et al. [65] also showed that at higher temperatures devitalization of Ascaris suum eggs was increased, however, even after 115 days of raw slurry storage at 42 °C, complete devitalization was not achieved. An excessive fertilizing use of pig slurry in fields and pastures or the application of slurry from sick animals, including asymptomatic ones, can be a source of microbial contamination of soils (due to the impairment of self-purifying ability) and plants, which in turn poses a risk of pathogens infiltrating into the food chain of animals (domestic and wild) and humans [62, 64, 71] . Within a short period after the application of slurry on farmland, fecal microorganisms can multiply in the soil, but in the end they are partially or completely eliminated from the soil environment. The pace of death of fecal bacteria in the soil environment is varied and depends primarily on temperature, reaction, type and humidity of the soil, the season and the presence of antagonistic microflora in relation to pathogens. The survival time of the bacteria (Table 2) can range from several days to even a few years, and longer viability is often associated with cold and moist soils; in cold soil (4-6 °C), most pathogens can survive for at least a month [4, 63, 71, 72] . The viruses introduced into the soil with pig slurry do not undergo inactivation for a long time, for example the Aujeszky's disease virus maintains infectivity for about 5-6 weeks [60] . In turn, the eggs of Ascaris can be invasive in the soil for several years, while their presence on plants was observed for several months [4] . The survivability of pig pathogens in soils is quite often studied under controlled laboratory conditions. Olszewska et al. [12] demonstrated that the percentage of invasive Ascaris suum eggs in humus layers of podsolic soil, black earth and browned black earth stored for 44 weeks under laboratory conditions at 4 °C amounted to 59, 35 and 43 %, respectively, while at 20 °C -7, 5 and 4 %, respectively.
Grazing animals on grassland abundantly sprinkled with pig slurry or just after spilling slurry on them, or using crops derived from such areas as fodder can cause infection of the animals, increase their helminthiasis and even the death of livestock. There is also a risk of infecting people, especially when sprouts and vegetables intended for direct consumption (e.g. root vegetables such as radishes and carrots or leafy vegetables like lettuce) are grown on land fertilized with pig slurry as well as in the case of eating or processing (for example making unpasteurized apple cider) -without any treatment -of fruit that fell on the soil freshly sprinkled with the slurry [24, 71, 72] .
An additional danger is the possibility of contamination of groundwater and surface waters [24, 63, [71] [72] [73] . As a result of heavy rain, the microorganisms transferred together with the slurry into the soil can run off to the waters and cause their pollution [24, 63, [71] [72] [73] . The survivability of pathogens in water is relatively long and can last many days (Table 4) . It is recognized that Salmonella species, which cause one of the most common forms of food poisoning worldwide, can survive for a significant period of time in natural water bodies [72] . According to literature [72] , in warm water (20-30 °C) , Salmonella species have the longest survival time, while in cold water (4-8 °C), Yersinia enterocolitica survives best. The use of water containing pathogens from pig slurry to water animals, to irrigate crops or as drinking water poses a threat to human and animal health [24, 63, 71, 73] . Due to the possibility of posing a threat to human and animal health it is extremely important to properly prepare pig slurry for its agricultural use. Among the known methods of slurry hygienization which lead to the reduction of the number of microbes, the most widely used are: anaerobic digestion, biological treatment of slurry by activated sludge method, composting and aeration [24, 62, 74, 75] . Cote et al. [76] stated that the psychrophilic anaerobic digestion of pig slurry conducted in sequencing batch reactor at 20 °C for 20 days reduced the indigenous populations of total coliforms and E. coli by 97.94-100 % and 99.67-100 %, respectively. Moreover, the applied process resulted in the removal of the indigenous populations of Salmonella, Cryptosporidium and Giardia. Paluszak et al. [77] demonstrated that the process of anaerobic digestion of pig slurry carried out in thermophilic conditions within the temperature range 49-51.5 °C guarantees obtaining a microbiologically safe product. As a result of the conducted studies it was established that the complete elimination of Ascaris suum eggs takes about 4 hours, whereas the theoretical time of full inactivation of Salmonella Senftenberg exceeds 12 hours. Bauza-Kaszewska et al. [78] proved that aeration of pig slurry in the mesophilic variant (the initial temperature of the process amounted to 35 °C) leads to the effective elimination of pathogens -the theoretical survival time of Salmonella Typhimurium, Salmonella Senftenberg W 775 and enterococci in the aerated slurry ranged from 13 to 25 days.
An efficient method of pig slurry sanitization, especially in the case of infectious diseases in animals, is a chemical disinfection with the use of chemical compounds, primarily calcium oxide (quicklime) and calcium hydroxide (slaked or hydrated lime). The addition of calcium compounds, apart from a hygienization activity (due to slurry alkalization and temperature increase resulting from a rapid exothermic reaction of lime with water), reduces the emission of odour from the slurry. Furthermore, a mixture of pig slurry with lime is a valuable fertilizer enhancing the fertility of acid soils which require regular lime application [24, 74, 75] . Heinonen-Tanski et al. [79] used hydrated lime and commercial chemical product Nordkalk Velox (a limestone-based product containing oxygen and calcium peroxide) to destroy enteric microorganisms contained in pig slurry. The researchers found that both chemicals (applied at a dose of 30 g/dm 3 ) reduced all coliforms to the level below the detection limit in one or two days of treatment. However, in the reduction of coliphages and enterococci, Velox proved to be slightly more effective [79] . Turner and Williams [80] evaluated chemical treatment with the use of granular NaOH or powdered Ca(OH) 2 for the inactivation of African swine fever virus and swine vesicular disease virus (SVDV) in pig slurry. The results showed that the addition of either chemical to pig slurry caused rapid (within 150 s) inactivation of ASFV at 4 °C (the addition of NaOH or Ca(OH) 2 was 1 % (w/v)) and SVDV at 4 °C as well as at 22 °C (the addition of NaOH or Ca(OH) 2 was 1.5 % (w/v)) [80] . The effect of alkaline treatment of pig slurry using hydrated lime on the survival of porcine epidemic diarrhea virus (PEDV) was investigated by Stevens et al. [81] . The researchers stated that the addition of Ca(OH) 2 that increased the slurry pH to 10 or higher inactivated PEDV. However, with higher pH of the slurry, increased ammonia emissions may occur [81] .
Contamination of soil, water and plants with antibiotics and their metabolites
A major issue is also the presence of hormones, antibiotics and their residues as well as other veterinary medicines in pig slurry. Until 2005 in the European Union countries antibiotic growth promoters (AGP) were commonly used in pig production; their addition to feeds improves the increase of animal body weight and the degree of food intake as well as supports the prevention of diseases that cause the greatest loss during breeding. The extensive and unjustifiable use of antibiotics led to the formation of dangerous, antibiotic-resistant strains of microorganisms transmitted with the excreta into the environment, being then a source of drug resistance genes transferred to other microorganisms present in the soil [24, 71, 82, 83] . Because of the escalation of antibiotic-resistance bacteria phenomenon the Council of the European Union introduced on 1 January 1999 the prohibition of applying in livestock farming antibiotics (administered as AGP) used in human medicine [84] [85] . Unfortunately, in many countries (China, Japan, Brazil, Australia, Ukraine) the use of antibiotic growth promoters on livestock is not prohibited [82] .
Currently, in the European Union countries antibiotics in pig production can be used in two manners: therapeutically to treat specific diseases and metaphylactically to eliminate or reduce, as early as possible, an infectious agent so that it cannot cause disease [24, 71, 83, 86] . The use of antibiotics requires a veterinary diagnosis and prescription and must be done under veterinary guidance. Nevertheless, there is a risk of their excessive or inadequate dosage or illegal use of antibiotic growth promoters [82, 83] . These drugs are not completely metabolized by animals and, therefore, their residues are excreted in urine and faeces in an unaltered form that is still active. Up to 90 % of some veterinary antibiotics can be excreted as the parent compound and its conjugates, oxidation or hydrolysis products [87] [88] [89] . Hormones and antibiotic residues present in pig slurry spread on farmland may accumulate in the soil and plant tissues as well as penetrate into the groundwater and surface waters as a result of leaching or surface runoff [71, [90] [91] [92] . Tetracyclines and sulfonamides are the most commonly used antibiotics in pig breeding. The presence of residues of these antibiotics in pig slurry, groundwater and surface water around large-scale livestock farms as well as in soils fertilized with slurry from various countries (European Union countries, China, USA) has been widely reported [7, 23, 86, 93] .
In European countries, the maximum detected concentration of chlortetracycline in pig slurry was 46.0 mg/kg in Austria [90] , 24.4 mg/kg in Denmark [94] and 4.0 mg/kg in Spain [95] . In China, the highest reported concentration of chlortetracycline in pig slurry was 764.4 mg/kg [96] . As representatives of the sulfonamides group, sulfamethazine was detected in pig slurry with concentration levels up to 20.0 mg/kg in Austria [90] and up to 28.7 mg/kg in China [96] . The application of antibiotics containing pig slurry as fertilizer is one of the pathways for antibiotic residues release into the environment. It was reported that the concentration of antibiotics in soils from different regions varied significantly. In the sandy soil samples from Germany the highest average concentration of chlortetracycline was 198.7 µg/kg [97] ; in the loamy sand and sandy soil samples from Denmark the maximum concentration of chlortetracycline was 15.5 and 11.7 µg/kg, respectively [98] ; and in the soil samples from organic vegetable bases in China the maximum concentration of chlortetracycline was 1079 µg/kg [23] . Compounds belonging to the sulfonamides group were also detected in soil samples. Sulfamethazine at the concentration range of 34.5-663 ng/kg was determined in soil samples (top soil, 0-15 cm) from the USA [99] , while sulfadoxine at the concentration range of 1200-9100 ng/kg in soil samples from organic vegetable bases in China [23] .
From the soil fertilized with pig slurry, antibiotics may be transported to the aquatic environment; to ditches, streams, rivers, ponds and lakes through runoff and drain flow as well as to groundwater by leaching [7, 88, 100] . Numerous literature data [7, 23, 88, 93, 99] report the presence of antibiotics in surface and groundwater samples collected in the vicinity of pig farms. In river water samples from Jiangsu province (China) Wei at al. [88] found chlortetracycline and sulfadoxine at concentration of up to 1490 and 340 ng/dm 3 , respectively. Shelver et al. [99] detected sulfamethoxazole in surface and groundwater samples from the USA at concentration of 43 and 20.5 ng/dm 3 , respectively. Studies by Campagnolo et al. [7] showed that the concentration of chlortetracycline and sulfamethazine in water samples from field tile lines (USA) was 2000 and 300 ng/dm 3 , respectively. Hu et al. [23] reported that sulfamethoxazole could be measured in groundwater samples collected from northern China, with concentration ranging from 7.2 to 9.5 ng/dm 3 . Previous studies [23, 87, 95] also indicate that crops from the fields treated with pig slurry can accumulate antibiotics. Conde-Cid et al. [95] detected chlortetracycline and sulfamethazine in grass and corn grown on soils amended with pig slurry at level of 100 µg/kg. Grote at al. [87] demonstrated that roots of growing wheat contained up to 1104 µg/kg of chlortetracycline and up to 487 µg/kg of sulfadiazine, while leaves and stems contained up to 822 µg/kg of chlortetracycline and up to 44 µg/kg of sulfadiazine. Hu et al. [23] revealed that the concentration of antibiotics in vegetables from the organic vegetable bases was higher than that from ordinary vegetables as well as that the concentration of antibiotics in various tissues of vegetables was different. The concentration of chlortetracycline in roots and leaves of coriander was in the range of 92-481 µg/kg and 54-532 µg/kg, respectively; in stems and leaves of radish was 9.4 and 6.0-8.0 µg/kg respectively; in leaves of celery amounted to 12.6 µg/kg and in leaves of rapeseed was at level of 3.3 µg/kg. No chlortetracycline was detected in radish roots, rapeseed roots and celery stems. From the sulfonamides group, sulfadoxine was determined in all tissues of the examined plants. The concentration of sulfadoxine in roots, stems and leaves of radish was in the range of 0.1-0.4 µg/kg, 0.2-0.5 µg/kg and 0.2-0.6 µg/kg, respectively; in roots and leaves of rapeseed ranged from 0.1 to 0.5 µg/kg and from 0.3 to 1.2 µg/kg, respectively; in stems and leaves of celery was in the range of 0.1-0.3 µg/kg and 0.2-0.6 µg/kg, respectively and in roots and leaves of coriander ranged from 0.1 to 0.5 µg/kg and from 0.2 to 1.0 µg/kg, respectively [23] .
The presence of veterinary antibiotics in the soil-water environment causes changes in the composition and functioning (e.g. nutrient cycling and pollutant degradation) of the soil microorganisms and increased occurrence of antibiotic resistant genes in various bacteria [87, 89, 101] . Moreover, the residues of antibiotics have the potential to accumulate in crops which may negatively affect human and animal health (possible development of allergies and antibiotics resistance in humans and animals) [95] . In order to avoid contamination of the environment with antibiotics derived from pig slurry, it is necessary to eliminate the abuse of antibiotics in animal husbandry and reduce the concentration of antibiotic residues in the slurry [89] . Different treatment techniques like anaerobic digestion [101] [102] [103] , aeration [104] , electron beam irradiation [105] and sorption [89] lead to the partial or almost complete elimination of antibiotics from pig slurry. Feng et al. [101] investigated removal of the antibiotics during anaerobic digestion of pig slurry at thermophilic and psychrophilic conditions. The results showed that removal of sulfamethaxazole and erythromycin was close to 100 %, however, no removal was found for sulfadiazine and sulfamethizole. The researchers also stated that the presence of antibiotics in pig slurry does not adversely affect on biogas yield [101] . Alvarez et al. [103] studied the removal and effect of oxytetracycline and chlortetracycline on methane production during anaerobic digestion of pig slurry. They found that both antibiotics were removed quite quickly and almost completely at 35 °C and pH = 7, however, both compounds caused reduction in methane production [103] . Masse et al. [106] also noticed that presence of some antibiotics (penicillin and tetracycline) in pig slurry had an inhibitory effect on methane production. Seo et al. [104] investigated the effect of aeration on degradation of tetracycline and tylosin during storage of pig slurry. The results showed that applied treatment enhanced the degradation of antibiotics in pig slurry [104] . Another effective method of removing antibiotics from pig slurry is the electron beam irradiation technology. Chung et al. [105] established that the degradation efficiency of ampicillin in pig slurry was around 98 % at an absorbed dose of 10 kGy. Ngigi et al. [89] tested the use of five different biochars to enhance sorption of antibiotics (sulfamethazine, oxytetracycline, florfenicol, ciprofloxacin) in pig slurry. The results showed that the addition of 2 % of biochar from pine cone was sufficient for an increased immobilization of florfenicol and sulfamethazine [89] .
Conclusions
Pig slurry contains large amounts of organic matter and easily assimilable nutrients for plants, therefore using it as a natural fertilizer brings measurable effects like improving the quality and yield of crops as well as beneficially influencing the soil. However, in areas where intensive pig farming is carried out, there are problems with the proper management of large quantities of slurry, which sometimes results in its spreading in doses exceeding the permissible levels. The use of excessive quantities of slurry, especially when it has not undergone any hygienization processes, and the improper storage involve a risk of contamination the water-soil environment with biogenic elements, heavy metals, pharmaceuticals and pathogenic microorganisms.
Nitrogen and phosphorus, in addition to the fact that they play a major role in crop production, are responsible for the degradation of the water-soil environment. Excessive nitrogen and phosphorus deposition in the soil leads to its over-fertilization and, as a consequence, to lowering the crop yield. Phosphorus compounds present in surface waters contribute to their eutrophication, whereas nitrogen compounds present in groundwater affect the quality of drinking water and their high concentration is detrimental to both humans and animals. In turn, an excessive concentration of zinc and copper in the soil can be a source of contamination of plants and groundwater, and therefore these elements may be incorporated into the food chain. In order to reduce the emission of biogenic elements and heavy metals to the water-soil environment, the doses and dates of slurry application should be respected, and the amount of nitrogen, phosphorus, copper and zinc in excreted faeces should be reduced, which can be achieved through proper feeding of pigs (use of the addition of phytase and amino acid chelates, high quality protein, well balanced fodder as well as low protein diet).
The presence of potentially pathogenic microflora and antibiotics in pig slurry is also a significant hazard to the environment. Fertilization with slurry containing pathogenic and antibiotic-resistant microorganisms may cause microbial contamination of soils, groundwater, surface waters and plants, which in turn poses a threat of spreading zoonoses and epizootic diseases as a result of pathogens entering the food chain of animals and humans. To reduce the possibility of soil and water contamination with pathogenic microorganisms, the slurry should be treated appropriately. The most effective methods for the inactivation of microbes in pig slurry include anaerobic digestion, aeration and chemical treatment with calcium compounds. In turn, agricultural use of pig slurry in which veterinary medicines and their metabolites are present may lead to changes in the composition and functioning of the soil microorganisms and increased occurrence of antibiotic-resistant bacteria. Furthermore, antibiotics may penetrate into the groundwater and surface waters as well as accumulate in plant tissues which may contribute to the development of allergies and antibiotics resistance in humans and animals. An efficient way to avoid contamination of the environment with veterinary medicines derived from pig slurry is the use of antibiotics in pig breeding only when it is necessary (veterinary diagnosis) and their elimination from the slurry using processes such as anaerobic digestion or aeration.
